ABSTRACT Physiological mole fractions of long isoprenic chain ubiquinone (UQ10) and plastoquinone (PQ9) were incorporated inside a supported bilayer by vesicle fusion. The template of the bilayer was an especially designed microporous electrode that allows the direct electrochemistry of water insoluble molecules in a water environment. The artificial structure, made by self-assembly procedures, consisted of a bilayer laterally in contact with a built-in gold electrode at which direct electron transfers between the redox heads of the quinones molecules and the electrode can proceed. The mass balances of quinone and lipid in the structure were determined by radiolabeling and spectrophotometry. A dimyristoyl phosphatdylcholine stable surface concentration of 250 ± 50 pmol * cm-2, unaffected by the presence of the quinone, was measured in the fluid monolayer. The mole fraction of quinone was between 1 and 3 mol%, remaining unchanged when going from the vesicles to the supported layers. The lipid molecules and the quinone pool were both laterally mobile, and cyclic voltammetry was used to investigate the redox properties of UQ10 and PQ9 over a wide pH range. Below pH 12, the two electrons-two protons electrochemical process at the gold electrode appeared under kinetic control. Thus all thermodynamic deductions must be anchored in the observed reversibility of the quinone/hydroquinol anion transformation at pH > 13. Within the experimental uncertainty, the standard potentials and the pKa's of the pertinent redox forms of UQ10 and PQ0 were found to be essentially identical. This differs slightly from the literature in which the constants were deduced from the studies of model quinones in mixed solvents or of isoprenic quinones without a lipidic environment.
INTRODUCTION
In mitochondria and chloroplast electron transfer chains, the redox and physicochemical properties of polyisoprenic quinones are central points of interest. However, despite numerous attempts (for reviews, see Swallow, 1982; Rich, 1984; Crane and Barr, 1985; Okamura and Feher, 1992 ), it has not been possible to assign definitive values to the operative thermodynamic constants concerning the redox reactivity of the biological quinones incorporated in the bilayer. The reason for this lies in the amphiphilic nature of the molecules. The extreme hydrophobicity of the tail, often consisting of more than seven isoprenic groups of physiological quinones, precludes classical measurements of the extent of redox reactivity in an aqueous environment. On the other hand, the mechanisms and the thermodynamics depend on the quinone environment. Different approaches have been developed in the past to try to overcome the contradiction and to estimate the relevant thermodynamic constants. At first, the electrochemical behavior of model quinones, solubilized in water or organic solvents, was investigated. The organic solvents were aprotic (Cauquis and Marbach, 1972; Chambers, 1974; Prince et al., 1983 Prince et al., , 1986 , or were supplemented with proton donors (Marcus and Hawley, 1971; Cauquis and Marbach, 1972) . The redox reactivity of physiological molecules like ubiquinone-10 (UQ1o) or plastoquinone-9 (PQ9), solubilized in hydroalcoolic solutions, was also examined (Land and Swallow, 1970; Morrisson et al., 1982; Prince et al., 1983) . Recently, various self-assembly methods were used to incorporate UQ1o at the interface between water and modified electrodes, either by means of direct adsorption at the electrode surface (Ksenzhek et al., 1982; Schrebler et al., 1990 ; Takehara and Gordillo and Schiffrin, 1994) or by incorporation into an alkanethiol monolayer or a phospholipid monolayer (Moncelli et al., 1996) deposited on the electrode surface.
Thus it is of significant interest to be able to characterize the electron and proton transfers involving the quinone moiety in such a way that water molecules would be available for the redox center while a lipidic environment is available for the tail.
From the mechanistic point of view, the quinone/quinol transformation is rather complex, because of the fact that the overall two hydrogen atom-two electrons transfer may proceed through several possible routes, each one being more or less favored by the nature of the environment. Theses routes can be conveniently represented in "square schemes" (Laviron, 1984; Meunier-Prest and Laviron, 1992; Chambers, 1974) . If the redox transformation takes place within a structure like a lipidic bilayer, the question that arises readily concerns the proton availability for the proton transfers that may accompany the electron transfers. Furthermore, the reaction pathway can also be altered significantly by the binding of the quinone to a specific site of a membrane protein. The latter aspect is beyond the scope of the present paper.
Numerous model membrane systems have been developed for studying the physicochemical behavior of molecules inside a bilayer (for a review see Gennis, 1989) . These model systems can be grouped as planar bilayers, supported or not, and vesicles, unilamellar or multilamellar. Direct electrochemistry inside the hydophobic part of these structures is not an easy task, because the working electrode has to be positioned correctly, at the molecular level, in the structure. This seems impossible in the spherical geometry of vesicles, but a new technology has been developed for supported bilayers (Miller and Majda, 1986; Torchut et al., 1994) . The key is a special design of a modified electrode, which is used as the template for the bilayer. One such design involves electrodes coated with microporous aluminium oxide films. The geometry of the template produces an array of cylindrical pores, which are oriented perpendicular to the electrode interface ( Fig. 1 A) . The first hydrophobic layer is obtained by self-assembly of an alkyl silane on the aluminium oxide template. The final phospholipid layer is formed by vesicle fusion on the inner surface of the hydrophobic pores (Torchut et al., 1994 the artificial bilayer any hydrophobic or amphiphilic molecule that is easy to manipulate inside vesicles. For example, methods for the incorporation of ubiquinone or plastoquinone molecules in vesicles are known, at least for low quinone/lipid ratios. Fusion of such vesicles could lead to a supported bilayer containing the hydrophobic quinones, as described in Fig. 1 B. The aim of the present work was to determine quantitatively the thermodynamics of the redox reactivity of physiological isoprenic quinones solubilized in a physicochemical environment mimicking as closely as possible the structure of a biological membrane. First of all, we had to ascertain that the fusion of phospholipid/quinone vesicles on the microporous electrode is quantitative and produces a bilayer containing isoprenic quinones at the physiological level. The resulting quinone pool was found to be quite mobile in the bilayer, and its redox state was electrochemically controlled, that is to say, oxidized or reduced directly into the structure. A careful study of the electrochemical behavior as a function of pH enabled us to discuss the mechanisms of proton and electron exchanges between the redox head of the molecule, the electrode, and the environment.
MATERIALS AND METHODS Reagents
L-a-Dimyristoyl phosphatidylcholine (DMPC), synthetics > 99% pure, was purchased from Sigma (St. Quentin Fallavier, France). L-a-1,2-Di(1-'4C)palmitoyl phosphatidylcholine ('4C-DPPC), 50 mCi/mmol, was from Amersham (Les Ulis, France). Ubiquinone 10 (UQIo), ubiquinone 2 (UQ2), and plastoqinone 9 (PQ9) were from Sigma. N-Methyl-N'-octadecyl-4,4'-bipyridinium dichloride (C,8MV) was synthesized according to the method of Pileni et al. (1980) . Octadecyltrichlorosilane (OTS) (Aldrich, Strasbourg, France) was vacuum distilled before use. Hexadecane (Aldrich) was dried over desiccated molecular sieves. Aluminum foil, 1 mm thick (Al 99.95%), was from Merck (Darmstadt, Germany). Thick aluminium oxides (thickness 60 ,um) were commercial inorganic membrane filter discs (Anodisc 47; porosity 0.1 ,um) from Whatmann (Maidstone, England) . Organic solvents were high-performance liquid chromatography grade. All other chemicals were reagent grade.
Preparation of the OTS-treated oxides and aluminum oxide-coated gold electrodes Commercial thick aluminum oxide films (Anodisk 47) were first pretreated in a 0.05 M NaOH solution for 4 min and rinsed in water. After drying, the oxide films were alkylated into a freshly prepared 2% solution (v/v) of OTS in hexadecane. After a 15-min self-assembly, they were rinsed extensively with toluene and used immediately. The actual surface area of the pores was evaluated from scanning electron microphotographies at a magnification of 20,000X. The average diameter of the pores was 190 nm, and the number of pores was 1.3 x 109 pores/cm2, given a porosity of 0.37. Taking account the thickness of the film, the actual surface area/geometrical surface area ratio was 450 ± 80.
The modified electrodes were prepared with very thin aluminium oxide films (a few microns) produced in the laboratory. The procedure was first described by Miller and Majda (1986) and modified by Parpaleix et al. (1992) . Briefly, aluminum oxide films were generated by anodization of aluminum foil. The separation of the oxide film from the aluminum substrate and the removal of the barrier layer were performed according to the method of Parpaleix et al. (1992) . The average thickness of these films was 3.5+ 0.4 ,tm and was routinely controlled by scanning electron microscopy. Fabrication of the gold electrodes coated with OTS-treated oxide films involved the following additional steps. Dried thin oxide films were transferred into a freshly prepared 2% solution (v/v) of OTS in hexadecane. After a 15-min self-assembly, they were carefully rinsed with toluene and transferred into a vacuum deposition apparatus (Edwards model E306A), where they were coated with -2-,um-thick gold films (thus it is worth underlining that the gold surface is not coated with OTS, and confirmation can be found in the value of the capacitive current measured in cyclic voltammetry). Finally, the gold-coated oxide films were mounted on the tip of a glass tube (3 mm in diameter) according to the method of Miller and Majda (1986) . The geometrical surface area of the electrode was 0.07 cm2. Taking account of the oxide geometry (average diameter of the pores 90 nm, 5.1 x 109 pores/cm2, porosity 0.4), the actual surface area/geometrical surface area ratio was 50 + 8, and the internal aluminum oxide surface area and thus the bilayer surface area were 3.7 0.7 cm2.
The final quality of the microporous electrodes was routinely controlled by using the procedure described by Torchut et al. (1994) . A chronocoulometric measurement was performed on each electrode after the self-assembly of a layer of C,8MV (this loading can easily be removed by a methanol washing). All modified electrodes giving a lateral diffusion coefficient of C 8MV smaller than 8 x 10-8cm2s-'at 30°C or/and a surface concentration of C I8MV lower than 120 pmoI.cm-2 were discarded.
Supported monolayer assemblies
Phospholipid vesicles were prepared from dried lipids as follows. A known amount of DMPC (-8 mg) was resuspended from the walls of a glass tube by vigorous vortexing in 9 ml of water. This solution was sonicated to clarity, four times for 3 min each with a Branson model 250 sonicator (Danbury, CT) set at 60 W power, the temperature being maintained between 40°C and 50°C, using a cold bath in case of need. This stock solution ( 1.3 X 10-4 M) was cleaned from titanium particles by centrifugation at 3000 X g and used for dilutions during the day. The mixed vesicles of DMPC and quinones were prepared at a quinone mole fraction two times the one expected in the bilayer (see Results and Discussion).
DMPC and UQ,0 (or PQ9) at the required ratio in chloroform were evaporated together under nitrogen, resuspended, and sonicated as above.
Direct fusion of unilamellar vesicles of lipids on the inner surfaces of OTS-treated microporous aluminum oxide templates followed the procedure originally described for alkylated glass coverslips by Brian and McConnell (1984) . The microporous electrodes or the thick oxides were first wetted with methanol and rinsed with water in three different baths. The wetted oxides were then transferred and incubated for 5 h in the vesicle solution (7 10-4 M) for adsorption and fusion at 30°C. Before use, the oxides were extensively rinsed with water for at least 30 min to remove the adsorbed vesicles.
Quinone and lipid assays
Because of the small surface area of the thin oxide films coated on electrodes, only a radioactive labeling method could be used to measured the amount of DMPC. Radioactively labeled lipid, ['4C]DPPC, was introduced at the 1 mol% level into the lipid solution in chloroform. The same procedures as described above were followed to prepare the supported monolayer assemblies. After extraction in methanol, the radioactivity was measured with a model LS8000 scintillation counter (Beckman, Fullerton, CA), as previously described (Torchut et al., 1994) .
For thick oxide films, UQIo and DMPC surface concentrations were both measured in the same experiment. Some pieces of oxide films, that is to say, the equivalent of about 1500 cm2 of porous surface area, were first treated as above to produce the supported assembly of UQIo and DMPC (labeled with 0.04 mol% with ['4C]DPPC) on the OTS layer. After rinsing, the oxide pieces were carefully transferred with tweezers in a centrifugaml of chloroform were successively added, with a vortexing step between additions. The chloroform phase was separated after 5 min of centrifugation at 1200 X g. An aliquot of 0.1 ml was diluted in 5 ml of the liquid scintillation cocktail for radioactive counting. Concurrently, the absorption spectrum of the chloroform phase was recorded (model 8452A spectrophotometer; Hewlett Packard, Waldbronn, Germany). The absorbance maximum at 275 nm was used for UQIo assay (molar absorbance in chloroform 15,500 M-' cm-').
The principle of measurements of the UQIo mole fractions in vesicles was essentially the same as for thick oxides, i.e., 0.5 ml of the vesicles suspensions was extracted with 0.5 ml of methanol and 1 ml of chloroform. The chloroform phases were counted and spectrophotometrically assayed.
Electrochemical measurements
An anaerobic electrochemical cell was fitted with three electrodes: a working microporous oxide film electrode, a saturated KCl calomel electrode (SCE = 0.238 V versus normal hydrogen electrode at 30°C) as the reference electrode, and a platinum foil counter electrode. The last one was introduced in a solution separated from the main compartment by a glass frit.
For the measurements at different pH, the background solutions were prepared as follows. pH 4 to 7: 0.01 M citric acid/citrate buffers. pH 7 to 8: 0.01 M phosphate buffers. pH 8 to 1 1: 0.01 M carbonate buffers. pH 1I1 to 13: NaOH solutions. When necessary, the buffers were adjusted at 0.1 M ionic strength with Na2SO4. Gentle bubbling of argon reduced the partial pressure of oxygen in the main compartment to a low level. The temperature was controlled at 300C by water circulation in the outer jacket of the cell.
A PAR model 273 potentiostat controlled by a PC computer and model 270 software package (EG&G Princeton Applied Research, Princeton, NJ) was used for excitation and measurement in cyclic voltammetric and chronocoulometric experiments.
RESULTS AND DISCUSSION
The chain-melting phase transition temperature (Tm -23.50C) of DMPC being close to 25°C, all experiments were carried out at 30°C, i.e., well above Tm.
The bilayer structure
The vesicle fusion mechanism was used to incorporate the UQ1o or PQ9 water-insoluble molecules into the supported bilayer. The alkylated microporous electrodes were thus incubated in either a pure DMPC vesicle solution or a mixed DMPC/quinone vesicle solution and extensively washed with water. From the experimental point of view, it is worth emphasizing that the repeated dipping of the electrode in the various solutions did not wash out the lipid layer. In contrast with the loss of the layer observed when it is deposited on a planar surface (Brian and McConnell, 1984) , the special geometry of the microporous template protects the structure when the tip of the electrode crosses the air/water interface.
Three questions must then be answered. Do the unilamellar vesicles of DMPC adsorb and fuse as a monolayer onto the OTS surface?
It has already been demonstrated that such a monolayer fusion technique is effective on hydrophobic surfaces with various lipids, neutral or not (Brian and McConnell, 1984; Kalb et al., 1992; Torchut et al., 1994) . The amounts of DMPC in the monolayer were determined here by radioac-2681 tion tube for extraction. Then 0.5 ml of methanol, 0.5 ml of water, and I tive labeling. We found ( (Brian and McConnell, 1984) , the value found for rDMPC corresponds, as expected, to a single monolayer. In our case, the relatively high standard deviation in FDMpc reflects the uncertainty on the internal surface area of the porous oxide structure rather than errors in the measurement of radioactivity.
Is the vesicle quinone/lipid ratio kept unchanged in the final supported layer? Applying the spectrophotometric method described by Kroger (1978) , it is easy to measure NUQ1O, the mole fraction of UQ1o, oxidized or reduced, in vesicle suspensions.
However, the amount of quinone per unit surface area of bilayer (typically, 5 pmol.cm-2) was so low that we chose to use aluminum oxide films, which are larger and thicker than our microporous electrodes, i.e., -3 cm2 of 50-,tm- (Hauska and Hurt, 1982) . The mechanism of pure phospolipid vesicle fusion proposed, on hydrophobic surfaces, by Kalb et al. (1992) could explain the incorporation of quinone into the supported asymmetrical bilayer. The proposed schematic pathway (see figure 6 in the paper by Kalb et al., 1992) 4.00 3.83 ± 0.06 3.7 ± 0.7 250 ± 50 8.9 ± 2.0 3.5 ± 0.7 1700 ± 300 250 ± 50 10.0 ± 2.0 3.8 +0.8 6.00 5.83 ± 0.10 3.7 ± 0.7 240 ± 50 15.1 ± 3.0 5.9 ± 1.2 1400 ± 300 250 ± 50 13.9 ± 2.5 5.3 ± 1.1
The results were identical, within experimental uncertainty, when PQ9 or UQ1OH2 was incorporated into vesicles. *From the integration of the voltammetric peaks scanned at 0.001 V s-', with 2 electrons per quinone. #From the spectra in chloroform after extraction. §From radioactive labeling.
IActual hydrophobic surface area of the microporous template.
duced quinone species located in the bilayer. According to the structure presented in Fig. 1 , lateral diffusion of the quinones from the pores feeds the electrochemical reaction at the interface between the bilayer and the gold electrode, which mimics the redox site of integral proteins embedded in the bilayer. As in biological membranes, water molecules, protons, and possibly buffer components may be available for reaction with the quinone heads. It is worth emphasizing that a very satisfactory signal-to-noise ratio is obtained. It is provided by the high ratio of the supported bilayer area over the gold area. The unique porous geometry of the aluminum oxide template allows the precise determination of the bilayer quinone content, even at a level as low as 5 pmol * cmAt very low potential scan rate v, the time scale of the measurement is large enough to ensure that all of the active redox molecules can reach the electrode by lateral diffusion.
For example, at v = 0.001 V s-1, the cathodic and anodic currents always decrease back to the background current within less than 200 mV beyond the peak potential, as shown in Fig. 2 . Then, at such a potential scan rate, the area under the peak gives the amount of electricity needed to reduce (or oxidize) all of the molecules of UQ1o or PQ9 (or UQ1oH2 or PQ9H2) included in the phospholipid layer (Laviron, 1980 (Laviron, , 1984 Laviron et al., 1980) . We found that the peak areas were pH independent in the studied range (4-13.2). Because the number of quinone molecules introduced in the phospholipid layer could be known independently as already described, the measurement of these areas enabled us to conclude that 2.0 ± 0.3 electrons per quinone species were involved in the electrochemical process. As can be seen in Table 1 (Morrison et al., 1982) . A microporous electrode, loaded with lipids and UQ10 at a mole fraction of -2 mol%, was first scanned in the same conditions as in Fig. 2 (pH 7) . The electrode was then submitted to KBH4 reduction in another cell, which was also protected against oxygen. After rinsing, a new reduction scan starting at a potential E = -100 mV did not exhibit the UQ1o reduction peak. However, in the reverse scan an oxidation peak appeared with the expected coulombic area, thus demonstrating that both the electrochemical and chemical processes involved an overall two-electron transfer.
pH dependence of the quinone redox behavior The cyclic voltammograms recorded at v = 0.1 V s 1 and at various pH are reproduced for UQ1o in Fig. 3 . The initial potential Ei is positive enough to ensure that there is no appreciable current flowing at Ei. The potential is then scanned negatively until the observation of the cathodic PQnH2. The redox potentials are expressed in millivolts versus the normal hydrogen electrode (NHE), and the temperature is 30°C. At pH > 13, the electrochemical process exhibits a remarkable reversibility. When the thickness 8 of the diffusion layer, calculated for semiinfinite linear diffusion toward the electrode, is much larger than the length 1 of the phospholipid layer (i.e., the length of the pores) as occurs at v = 0.001 V s-I, all of the molecules are reduced within the time scale of the forward potential scan, and Epa and Epc are almost identical. For higher scan rates, the thickness of the diffusion layer being proportional to v-1/2, 6 may become much smaller than 1, and the current becomes diffusion controlled and can be easily simulated (Nicholson and Shain, 1964; Nadjo and Saveant, 1973; Andrieux and Saveant, 1986 ). In our case, the simulation ascertains that such a condition is very well fulfilled at v = 0.1 V s-1, with D = 2 X 10-8 cm2 s-1and I ' 3 gm. Particularly at pH > 13, AEp = Epa -Epc = 30 mV, as expected for a diffusion-controlled two-electron electrochemical process, in which the electron transfers are not rate determining (Andrieux and Saveant, 1986) . For UQ1o the apparent redox standard potential E°' of the process at pH 13.1 is found to be (Epa + Epc)/2 = -515 ± 5 mV versus SCE or -277 ± 5 mV versus NHE at 30°C. For PQ9, E°' = -282 ± 5 mV versus NHE at pH 13.2 and 30°C, i.e., the two quinones exhibit identical behaviors in the bilayer, and the following discussion applies to both molecules.
Below pH 13, the separation between the cathodic and anodic peaks exceeds 30 mV, as shown in Figs. 3 and 4 . The pH decrease causes a decrease in the reversibility of the electrochemical process, and the higher the v, the greater the peak separation (not shown). The most likely explanation is that the cyclic voltammogram observed at pH 13 corresponds to the QH-/Q redox system, in which the electron transfers and the proton transfer proceed at equilibrium. Full reversibility is lost as a result of the protonation of QH-into QH2. From the plot reproduced in Fig. 4 , it can be deduced that pKaQH2 is 12.5 ± 0.2, because at pH < pKaQH2, the peak separation AEp is appreciably greater than 30 mV, whereas at pH > pKaQH2, AEp is 30 mV. The reduction of Q to Q2-must be disregarded, because it would imply the occurrence of two successive one-electron transfers without the contribution of any proton transfer. In that case two successive cathodic peaks separated by -500 mV, each one being monoelectronic, should be recorded (Marcus and Hawley, 1971; Chambers, 1974 ).
In the 9-12 pH region, E. is roughly pH independent.
This results from the mutual cancellation of two effects of opposite directions. Because of consecutive protonation of QH-, Epc should shift positively with decreasing pH (Nadjo and Saveant, 1973; Andrieux and Saveant, 1986) . Simultaneously, the initial heterogeneous electron transfer becomes more and more rate controlling, because the proton transfers become faster and faster. Thus Epc should shift negatively with decreasing pH. On the other hand, for the anodic peak a rather steep positive shift of Epa is observed in the same pH region when the pH decreases (Fig. 4) . Then there is a contribution of two effects in the same direction. The deprotonation of QH2 must precede the electrochemical reaction, and the initial heterogeneous electron transfer becomes more and more rate controlling. Each phenomenon should bring about a positive shift of Epa and a broadening of the peak, with a concomitant decrease in its height (Nicholson and Shain, 1964; Nadjo and Saveant, 1973; Andrieux and Saveant, 1986) .
Below pH 9, both the cathodic and anodic currents are controlled by the rates of initial heterogeneous electron transfers and diffusion and can again be easily simulated. As can be seen in Fig. 4, (Gordillo and Schiffrin, 1994) .
Potential-pH plots, more or less similar to the one reproduced in Fig. 4 , have already been reported in several instances, the isoprenic quinones being adsorbed onto various types of electrode surfaces (Gordillo and Schiffrin, 1994; Sanchez et al., 1995) . In the present paper we wish to emphasize that all thermodynamic deductions must be anchored only in the experimentally observed reversible behavior of the QH-/Q redox couples at pH > 13 and in the fact that the departure from reversibility is caused by the protonation of QH-, the pKaQH2 being known.
The following deductions can be drawn from the results and data presented above.
Starting (Rich, 1984) . There is also quite satisfactory agreement with those determined when UQ1o was incorporated into a self-assembled phospholipid monolayer (Moncelli et al., 1996) or was adsorbed directly at a mercury electrode (Gordillo and Schiffrin, 1994) . In the latter case, pKaQH2 was also found to be rather high (i.e., 12). This suggests that it is reasonable to assume that the local pH in the DMPC layer is identical with that of the surrounding solution, as we did implicitly when we stated above that pKaQH2 = 12.5 ± 0.2 in the DMPC layer.
Further confirmation was obtained as follows. The water solubility of ubiquinone UQ2 was high enough to allow us direct voltammetric measurements with a bare gold electrode introduced into the UQ2 solution. The cyclic voltammetric behavior showed that both UQ2 and UQ2H2 adsorb strongly at the gold/water interface, whereas UQ2H-desorbs rapidly. This provided us with a means of determining PKaUQ2H2 We found that pKaUQ2H2 = 12.4 0.2. Because there is no reason to assume that pKaUQ1OH2 and PKaUQ2H2 differ appreciably, it shows that the thermodynamic data determined here in the supported bilayer environment are not affected by the interference of a local pH effect.
Reactivity of the semiquinone species
The thermodynamics of the semiquinone formation and reactivity can also be discussed. The semiquinone Q--may also exist in its protonated form QH-. "This work at 300C. §From Rich (1984) , evaluated at 25°C from model quinone behavior in protic solvents.
IFrom Swallow (1982) , evaluated at 25°C from model quinone behavior in protic solvents.
ICalculated from EH/QH = -[RT/F ln(KaQH') + EQ-/Q + 2EQH-/Q].
The disproportionation the semiquinone cannot proceed through the reaction of two Q--because, as already mentioned, EQ2-/Q.-is much more negative than E. -/Q (Marcus and Hawley, 1971; Chambers, 1974 The potentials of the redox systems involving the semiquinone species are such that the disproportionation of the semiquinone must proceed through the reaction between QH-and Q -, the driving force of which is very strong, inasmuch as it exceeds 200 mV. This means that the bimolecular disproportionation of the semiquinone is complete at equilibrium. Its rate is controlled either by the diffusion of the semiquinone species within the supported bilayer, with the acid-base QH-/Q--transformation acting as a preequilibrium, or by the activation needed, after encounter, to bring the semiquinone species into conformations allowing the occurrence of an efficient electron transfer between the two redox centers. Such a conclusion still holds, at least for UQIo, even if the inaccuracies of the estimations of E°Q.-/Q and pKaQH. are as large as 60 mV and one pKa unit, respectively.
CONCLUSION
The methodology presented here makes it possible to control the redox state of the mobile quinone pool introduced in the hydrophobic interlayer of an artificial bilayer structure. A self-assembly strategy is used for the step-by-step construction of a supported bilayer at the interface of a modified electrode. Long-chain alkylated silane molecules are grafted inside the pores of an aluminum oxide template to build the first hydrophobic layer. Then the lipid layer results from the occurrence of a vesicle fusion mechanism, which introduces simultaneously the long-chain isoprenic quinone molecules at physiological concentration. The achievement of this second step is quantitatively characterized. From the electrochemical point of view, the amount of redox molecules being rather low, a key point is the convenient signalto-noise ratio obtained with the help of the microporous structure.
For the two types of long-chain isoprenic quinones that were examined in the present study, the values found in the bilayer for the thermodynamic characteristics differ slightly from those used currently in the biochemical literature. The first aspect is that the redox behaviors of ubiquinones and plastoquinones appear, from our measurement, quite identical. This is surprising, because the biochemical literature admits in general that the plastoquinone potentials are slightly higher (-40 mV for EH2/Q, for example). The second aspect is that, as a result, the discrepancies with the literature are larger for plastoquinone (see Table 2 ). Then it must be underlined that, in the case of plastoquinone, the thermodynamic characteristics given in the literature were estimated mainly by analogy with a rough model molecule, i.e., trimethyl-p-benzoquinone, solubilized in ethanol/water solutions. As the measurements were performed here in similar conditions for both UQ1o and PQ9, and as the physicochemical environment of the quinone molecules was then closer to the one existing in a biological membrane, our results show that the relevant characteristics of the quinol and quinone species of UQ1o and PQ9 do not differ significantly. For the semiquinones species, the values of EQ--/Q and PKaQH-cannot be determined by means of the electrochemical approach used in the present work. However, it seems reasonable to assume that the disproportionation of the semiquinone is complete at equilibrium.
